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My name is Anne Cohen. I am a scientist at the Woods Hole Oceanographic Institution, in the
Department of Geology and Geophysics. My research involves the reconstruction of climate variability over
the past 1000 years. The goals of this research are threefold: first, to place our direct observations (i.e.
experience) of climate over the past century within the context of longer term climatic variability; second, to
enable recognition of the impact of human activity on climate and third, to enable assessment of the impact
of climate variability on marine ecosystems, specifically on coral reefs.

The thrust of my comments today is that the climate change that we observe in the instrumental
records since the middle of last century are unprecedented in the past 1000 years. The climate change to
which I refer includes the observed increases in ocean and atmospheric temperature, changes in atmospheric
circulation patterns and increases in atmospheric CO,. The increases that we have experienced during our

lifetimes and which we have directly measured fall outside of the range of natural variability as we know it
to have been prior to the industrial revolution.

Large-scale eradication of coral reef ecosystems is one of the risks of continued anthropogenic
interference with the climate system. The two major threats of the current climate change to coral reef
health are

(1) increased surface ocean temperature, which causes coral bleaching and death,

(2) increased atmospheric CO,, which may acidify the ocean causing reefs to dissolve,
and reducing the ability of corals to make new skeleton.

My testimony today will focus on the threat to coral reef ecosystems of increased surface ocean
temperature due to greenhouse gas emissions. In the past two decades, frequent and severe episodes of coral
reef bleaching (see figure below) have occurred on a scale that is unprecedented in the history of coral reef
observations. These episodes are coincident with a rapid rise in global temperatures recorded since the mid-
1970's. 1 will demonstrate, using several independently derived datasets, that the rate and magnitude of
global warming observed in recent decades is unprecedented in the past 1000 years of Earth's climate
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history.
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CORAL DEATH AND CLIMATE CHANGE: OUR DIRECT OBSERVATIONS

Since the early 1980's we have witnessed extensive, basin-wide coral reef bleaching and mortality that
have claimed, on some reefs, up to 90% of the living corals. While localized and reversible bleaching events
had been recorded by scientists since the 1920's (Williams and Bunkley-Williams, 1990), these are dwarfed
by the global extent, frequency and severity of the bleaching episodes of the past 20 years.

All major events in the past 2 decades coincide with extended periods of anomalous warming of the
surface ocean. Although most of the damage thus far has been to tropical reefs, the cooler, more northerly
reefs of Hawaii, Johnston Atoll and Bermuda (see below) first showed signs of bleaching in the late 80's
and continued through the 90's.

(left) Extensive coral bleaching was recorded at Bermuda
(32°N) in 1988 and 1998, and to a lesser extent in 1993.
Bleaching events were coincident with warmer than usual
ocean temperatures, indicated by the arrows. The warming
of Bermuda waters is related to a change in the
atmospheric circulation over the North Atlantic since
1960.

HAS THIS HAPPENED BEFORE ?

Intensive scientific monitoring of coral reefs and scientific understanding of the factors affecting coral
reef health are relatively recent. Observations of extensive reef bleaching and mortality began in the early
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1980's, following the 1982/1983 El Nino. From field observations and laboratory experiments we know that
corals bleach when sea temperatures increase about 1°C above the normal summer ambient temperature for
that region. We also know from information stored in coral skeletons (the work that I do), tree rings and
other biological archives, that climatic conditions have fluctuated significantly in the geologic past. Ocean
temperatures have oscillated between periods of cool and periods of warmth and coral reefs have survived
these fluctuations. Is it possible that bleaching events of the severity and extent of the past 2 decades have
occurred in the past in response to natural fluctuations in the climate system?

To answer this question we need to look into the distant past. Scientists have not yet developed a
technique by which we can tell whether a fossil coral died from bleaching. However, we can tell what the
ocean temperatures were at the time of death. We also know that the species found on reefs in the past 1000
years were the same as they are today and that they tolerated the same range of temperature. Therefore, to
answer the question posed above, we need to address the question posed below:

Are the ocean temperature anomalies of the past 2 decades unprecedented in history or are
they part of the natural cycle of climate variability to which corals have adapted?

The instrumental record of temperature indicates that the 1990's were certainly the warmest decade on
record (see below). However, the instrumental record is short, giving us a limited perspective of variability
through time. For example, a program to monitor ocean temperatures off Bermuda (Hydrographic Station S)
began in 1954; global sea surface temperatures have been recorded remotely, by satellite, since 1981.

The figure at left shows the globally averaged surface ocean
heat content since 1948. The data clearly show a net warming
of the oceans since the late 1970's. The timing of the first
observations of massive, basin wide coral reef bleaching is
indicated by the arrow.

CLIMATE CHANGE: THE PAST 1000 YEARS

To gain some perspective on climate change over a longer period of time, we need an alternative
source of climate information. Longer records of past climate are preserved in geological and biological
archives - in deep ocean sediments, ice cores, in tree rings and in the skeletons of massive corals. These
proxy records - many of which are based upon the biological response to climate change - enable us to see
into the past, back beyond the start of instrumental recordings. While the sources of data, their resolution
and their coverage in space and time are varied, they all show fairly large and consistent fluctuations in
ocean and atmospheric temperatures over the past 1000 years. These fluctuations are associated with natural
climate forcings including changes in solar output and volcanic eruptions.

However, all records show a large, rapid and unprecedented increase in temperature over the last
half of the 20th century.
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PAST OCEAN TEMPERATURES: From brain corals at Bermuda, we get a record of ocean
temperatures since 1725 AD. The density of the skeleton, shown by the x-radiograph below left, increases
when it is warm and decreases when it is cool. The coral record (below right) shows that water temperatures
on the Bermuda platform have fluctuated over the past 300 years, but the magnitude and persistence of the
warm temperatures since 1980 are clearly a recent phenomenon. The timing of the first extensive reef
bleaching at Bermuda is indicated by the arrow.

The temperature record from sediments cored nearby on the Bermuda Rise (from Keigwin 1997)
enables us to see even further back into the past, although in less detail. The record shows that open ocean
temperatures oscillated between generally warmer and generally cooler periods between 3500 and 250 AD
(open circles, below).

However, these historical fluctuations are small when seen against the most recent recorded
summertime temperatures on Bermuda (below). The red circle indicates the temperature at which corals
bleached at Bermuda in 1998. The temperature obtained at this time is unprecedented in the past 3500 years.

PAST ATMOSPHERIC TEMPERATURES: Tree rings (below left) preserve a record of
atmospheric temperature. The combined northern and southern hemisphere tree ring record shows
atmospheric temperature changes over the past 1800 years (red line, below right - from Cooke 2002).
Oscillations between warmer and cooler periods are seen throughout the record, but the magnitude and rate
of warming of the atmosphere in the past 2 decades clearly exceeds all previous warm events. The timing of
the 1983 Pacific bleaching event is indicated by the arrow.
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UNDERGROUND TEMPERATURES: Underground temperature measurements were examined
from a database of over 350 bore holes in eastern North America, Central Europe, Southern Africa and
Australia (from Pollack et al.) The data below show the 20th century to be the warmest of the past five
centuries. The timing of the first observations of extensive coral reef bleaching is indicated by the arrow.

WHERE TO FROM HERE?

Coral reefs as we know them have been in existence for millions of years. They have survived major
changes in the climate system, including oscillations between glacial and interglacial cycles that involved
fluctuations in mean air temperature of 7-10 °C over fairly short periods of time. They have survived
through periods of sea level rise and fall, meteor impacts, volcanic eruptions and changes in solar activity,
and somehow the reefs have recovered. But the time scales of those recoveries were long, often many
thousands of years and certainly outside of the time frame of our comparably short-term interests.

If we Kkill the reefs, the waiting time to get them back may be tens of thousands of years.

The frequency, severity and extent of coral reef bleaching and mortality that we have witnessed over
the past 2 decades coincide with a rapid warming of the surface oceans. The evidence from proxy records
over the past 1000 years indicates that atmospheric and oceanic temperatures have oscillated during this
time between periods of relative warmth and periods of relative cooling. However, the rate and magnitude
of the recent warming is unprecedented. Therefore, it is probable that the extent and severity of the observed
coral reef bleaching is unprecedented as well, at least in the past 1000 years. Corals today show no signs of
adapting to the rise in ocean temperatures and physiological constraints prevent corals from retreating to
deeper waters or to higher latitudes to escape warming in the tropics. We can relieve coral reefs of the
additional stresses imposed by pollution, development, exploitation and recreation that may slow the
recovery from severe bleaching events. However, the evidence indicates that the impact of global warming
affects coral reefs indiscriminately, independent of their health.
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Modeling studies show that the warming of the past 2 decades is not due to natural forcing; it is
anthropogenic in origin (Levitus et al., Science, 2002).

If preserving these unique and valuable ecosystems is considered to be in our best interest, then
defining a long-term goal for climate change policy remains a critical international challenge. A long-term
target of 1 °C above 1990 global temperatures would prevent severe damage to at least some reef
ecosystems. However, the implications of this target for limiting CO, emissions is uncertain because the
extent to which biological uptake of CO, will counteract the build-up is not predictable at this stage (O'Neill
and Oppenheimer 2002). Model predictions for CO, stabilization at 450 ppm by 2100, i.e. the Kyoto target,

predict an average global warming of between 1.2 and 2.3 °C (Cubasch et al. 2001), insufficient to prevent
loss of many reef systems and widespread reduction in reef health. Therefore, preservation of coral reef
ecosystems requires immediate implementation of globally co-ordinated actions to stabilize greenhouse gas
concentrations at a level that avoids dangerous anthropogenic interference with the climate system.
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TOPICAL OUTLINE TESTIMONY

The past two decades have seen an increase in the frequency, severity and geographical extent of coral
reef bleaching, with devastating consequences.

The bleaching is coincident with (and caused by) a global increase in sea surface temperature.

The rate and magnitude of oceanic and atmospheric warming over the past two decades is
unprecedented in the past 1000 years of climate history and is directly related to human activity.

The corals are not adapting to the current change in climate conditions.

Preservation of coral reef ecosystems requires stabilization of greenhouse gas concentrations at a level
that will prevent a rise in ocean temperatures more than 1 °C above 1990's levels.
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